A central goal of studies in evolutionary ecology is to identify factors underlying variation in reproductive success. Yet, the proximate mechanisms underlying this variation are often unknown.
failure may be caused by infertility, by early embryo mortality, or by the inability of the developed chick to hatch (Hemmings, West, & Birkhead, 2012; Koenig, 1982) . Likewise, nestling mortality may be caused by abandonment or death of a parent, which affects all offspring, or by starvation or disease, which may affect only a subset of the offspring. Further, failure of fledglings to recruit to the breeding population may be caused by postfledging predation or by failure to survive the first winter (Naef-Daenzer & Grüebler, 2016) . The proximate causes for variation in mortality at these different stages are often ignored, but are important for understanding the factors underlying variation in reproductive success.
In altricial birds, where hatchlings go through a period of dependence during which they remain in the nest and typically obtain extensive parental care from both parents (Cockburn, 2006; Liker, Freckleton, Remeš, & Székely, 2015) , a key determinant of variation in reproductive success is the number of nestlings that die before fledging. Partial and complete brood failure are common in such species, but the underlying causes of nestling mortality for any given nest are usually unknown (unless the nest has been predated which is readily identified by the absence of all offspring from the nest; Martin, 1995; Martin & Briskie, 2009 ). Yet, knowledge of the proximate causes of nestling mortality is important for understanding the ultimate causes of variation in reproductive success. For instance, it is often hypothesized that a particular factor of interest (e.g. degree of urbanization, timing of reproduction) influences reproductive success through its effects on parental care. However, this is only plausible if reduced (or terminated) parental care is indeed a cause of nestling mortality. Moreover, partial and complete brood mortality are often lumped together (seen as a continuum), but if they have different proximate causes, it is unlikely that a particular factor of interest influences both.
Nestling mortality independent of nest predation can occur under one of three scenarios. (a) One of the parents abandons the brood, for instance because the conditions are such that life-history trade-offs favour enhanced future reproductive potential over current reproduction (Kokko & Jennions, 2008; Olson, Liker, Freckleton, & Székely, 2008) . Nestling mortality could then occur because the remaining parent is unable to provide sufficient care, or abandons the brood too. (b) One of the parents dies during the nestling stage, for instance due to predation. Again, nestling mortality could then occur because the remaining parent is unable to provide sufficient care, subsequently abandons the nest, or also dies. (c) Both parents are visiting the nest and nestlings die despite the presence of the parents. Mortality could then for instance be related to poor nutrition, disease or siblicide (Godfray & Harper, 1990; Mock & Parker, 1998) .
In most studies, it is not possible to discern between these three scenarios. For example, in cases of complete brood failure, it is usually unknown whether the nestlings died and the parents subsequently left or whether the parents stopped visiting the nest and the brood died as a consequence. Also in nests that suffered partial brood loss, it is often not known whether one parent had disappeared during the nestling stage or whether both parents were present until the offspring fledged. Even if it is known that a parent had disappeared during the nestling stage, it is often not possible to determine whether it abandoned the nest or whether it died itself. As a consequence, we still know remarkably little about the proximate causes underlying nestling mortality in altricial birds. To address this, we need detailed information from nests of different fates about (a) the presence of the parents at the nest during the entire nestling period, (b) the circumstances under which parents disappear (if this happens), and (c) the fate of parents that disappear.
Here, we report on a 7-year study of blue tits (Cyanistes caeruleus) in which we used a uniquely comprehensive dataset on parental nestbox visits to investigate the association between parental behaviour and nestling mortality. The blue tit and its close relative the great tit (Parus major) have served as model species in evolutionary ecology and many studies have identified factors that are associated with variation in nestling survival until fledging, such as the degree of urbanization (Chamberlain et al., 2009; Pollock, Capilla-Lasheras, McGill, Helm, & Dominoni, 2017) , timing of reproduction (Reed, Jenouvrier, & Visser, 2013; Verhulst & Nilsson, 2008) , habitat characteristics (Lambrechts et al., 2004; Tremblay, Thomas, Lambrechts, Blondel, & Perret, 2003) and personality traits (Colchester & Harrison, 2016; Mutzel, Dingemanse, Araya-Ajoy, & Kempenaers, 2013) . However, even in these intensively studied species, little is known about the proximate causes underlying mortality during the nestling period at individual nests. To address this, we made use of an automated monitoring system that recorded all nestbox visits by blue tits throughout the year. This allowed us to identify when each parent was last present at every nest, the nest visit rates of pair members before and after parental disappearance, and whether the disappeared parent appeared again in the population after the focal nesting attempt ended (including in a subsequent breeding season).
As is typical for studies on Paridae, the blue tits in our study site breed in artificial nestboxes where they are protected from predators. Hence, nest predation can be excluded as a cause of brood mortality.
We first address the question of whether variation in brood success is linked to the disappearance of a parent from the nest during the nestling period. We examined whether the likelihood of parental disappearance differed among three nest categories: those without nestling mortality, those with partial brood mortality and those that completely failed. For nests that fledged at least one offspring, we also tested whether the disappearance of a parent during the nestling period affected brood success (% of hatchlings that fledged).
Second, we assess whether parental disappearance resulted from predation (or another cause of death) or occurred because the parent stopped investing in the current brood. Only under the predation scenario did we expect (a) that the disappeared parent would never be observed again, and (b) that nest visit patterns before parental disappearance did not differ from those of nests where both parents stayed until fledging. At last, for nests where a parent disappeared, we assessed factors associated with whether or not the nest was ultimately successful and we examined the nest visit behaviour of the remaining parent.
| MATERIAL S AND ME THODS

| Study site and population
We studied a population of blue tits in the Westerholz forest near Landsberg am Lech, Southern Germany (48°08′26′′N, 10°53′29′′E) between 2010 and 2016. The study area consists of a 40 ha mixed deciduous forest dominated by mature oak trees and contains 277 nestboxes of which 70-140 were occupied by blue tits annually. Blue tits are small (c. 10-12 g) cavity-nesting passerines that are common throughout most of Europe. They are socially monogamous, although extra-pair paternity is common and polygyny sometimes occurs (Kempenaers, 1994) . Blue tits in our population produced only one brood per year, but some females produced a replacement clutch following the failure of the first attempt. Replacement broods and broods of polygynous males were excluded from this study. The female alone builds the nest and incubates the eggs, but the male often feeds the incubating female (Bambini, Schlicht, & Kempenaers, 2018) and both parents contribute extensively to offspring provisioning (Perrins, 1979) . In our population, nest predation is virtually nonexistent, but partial brood loss and complete brood failure are common (37% and 13% of the nests, respectively, N = 684 nests). Blue tits are resident in our study area throughout the year, but betweenyear local survival is relatively low (41% of 574 females and 45% of 574 males returned to breed the next year). These low return rates are unlikely due to dispersal, because dispersal distances between years are very low in blue tits (Valcu & Kempenaers, 2008) .
During each breeding season, nestboxes were checked at least once a week (where necessary daily) to monitor the onset and progress of nest building, the date of the first egg, clutch size, the date of first hatching, brood size, the number of fledglings and the date of fledging. Adults in the study were equipped with a passive integrated transponder which was inserted under the skin on the back (Schlicht & Kempenaers, 2015) .
When they had not already been tagged during previous breeding attempts in our population or during the nonbreeding season (caught while sleeping in the boxes, or-from 2015 to 2016-using mist nets near feeders just outside the study area), they were caught at the nest when offspring were 8-12 days old. We used an automated monitoring system to record all nestbox visits from tagged individuals continuously throughout the year. In brief, all nestboxes were equipped with a radio frequency identification (RFID) reader, a real-time clock, light barriers and a data storage device. Whenever a tagged bird passed through the nest hole, its identity, the associated time and date, and the direction of its movement through the nest hole were automatically recorded (see Supporting Information Appendix S1). For a more detailed description of the study site, data collection procedures and the automated monitoring system, see Schlicht, Girg, Loes, Valcu, and Kempenaers (2012) .
| Data preparation
First, we extracted all data from the automatic monitoring system collected between 2010 and 2016. We then restricted the dataset to nests in which both parents were recorded at the nest on the same day at least once. In this way, we excluded cases where one parent had not been tagged or had lost its tag, nests where one parent was tagged only after the other parent had already disappeared and nests where the monitoring system had failed (N = 193 excluded nests). We also excluded nests where recordings of both parents had stopped on the same day before the nestlings had reached fledging age (19 days), but the nest was nevertheless successful (at least one fledgling). In these cases (N = 64), it is most likely that the monitoring system had stopped functioning. At last, we excluded nests where the nest failure could be attributed to a capture event (N = 5).
In these cases, both parents had been caught at the nest and either failed to return to the nest, or only returned to the nest after a long interval and only for a few visits (presumably because the nestlings had perished in the meantime). The final dataset included 422 nests (see Supporting Information Appendix S1). We categorized nests into three groups: complete brood failure (no hatchlings fledged), partial brood loss (at least one, but not all hatchlings fledged) or no brood loss (all hatchlings fledged). We also distinguished between nests where one parent stopped visiting, although the brood was still alive as indicated by the behaviour of the second parent (we considered the first parent to have "disappeared" from the nest in this case), and nests where one parent stopped visiting but where it was unclear from the behaviour of the other parent that the brood was still alive (in such cases, the first parent was not considered to have disappeared because the brood may have been dead already). We considered a parent to have "disappeared" from the nest when (a) it had stopped visiting and (b) the remaining parent visited the nest ≥25 times within 24 hr (mean number of visits ± SD = 189 ± 158, N = 19). In these cases, it was evident that the remaining parent kept provisioning the nest (at least for some time) and that the nestlings were alive at the time of disappearance of the first parent. We did not consider a parent to have disappeared from the nest when (a) it had stopped visiting the nest and (b) the second parent visited the nest ≤8 times within 24 hr after the first parent had stopped visiting (mean number of visits ± SD = 3 ± 4, N = 3). These cases suggest that both parents had stopped visiting more or less simultaneously, either because the nestlings had perished or because both parents abandoned the brood.
| Data analyses
Statistical analyses were performed with the free software r (versions 3.1.2 and later; R Development Core Team, 2014), using the lme4 package (Bates, Maechl er, Bol ker, & Wal ker, 2014) . To test whether or not the disappearance of a parent was associated with the success of a nest, we used three generalized linear models with binomial error structure and with nest success as a response variable and parental disappearance (yes/no) as the explanatory variable.
We compared nests with complete vs. partial brood mortality (N = 173 nests), nests with no vs. complete mortality (N = 271 nests) and nests with no vs. partial mortality (N = 400 nests). In all models, male and female identity were included as random effects. For the 400 nests that produced at least one fledgling, we also tested whether the degree of nestling mortality was associated with the disappearance of a parent. To this end, we used a generalized linear model with a binomial error structure, with the number of nestlings that died before fledging as the response variable, the total number of hatchlings as the binomial denominator, parental disappearance (yes/no) as the fixed effect, and male identity and female identity as random effects.
For nests where a parent had disappeared during the nestling stage, we investigated factors associated with the likelihood of complete brood failure. For this, we used a generalized linear model with a binomial error structure and with nest success (at least one fledgling produced: yes/no) as the response variable and nestling age at which the parent disappeared, the sex of the disappeared parent and the hatching date as fixed effects (N = 66 nests). For successful nests (at least one fledgling produced), we investigated factors associated with the proportion of hatchlings that fledged. Here, we used a similar generalized linear model with a binomial error structure, but with the number of nestlings that died as the response variable and the total number of hatchlings as the binomial denominator (N = 47 nests). Because the likelihood of losing a partner in two breeding seasons is small, only two males (and no females) were represented twice in this subset of the data. Removal of these two males did not change the results.
We assessed the time of day at which individuals disappeared by extracting for each individual the time of day when it was last recorded at the nest. As blue tits visit their nest at high rates during the nestling period, with intervals between visits typically not more than a few minutes (see, e.g. Santema, Schlicht, Schlicht, & Kempenaers, 2017) Daily visit rate for each individual was then calculated as a proportion of this baseline visit rate, with a value <1 indicating a below-average visiting rate for a particular sex, nestling age and brood size and a value >1 indicating an above-average visit rate.
To assure that this measure of relative visit rate was robust, we excluded from subsequent analyses all cases where the baseline visit rate was calculated from fewer than 10 reference nests. We constructed separate linear mixed-effect models with relative visit rate as the response variable and the number of days from the disappearance as fixed effects. An intercept significantly different from zero then indicates a significant deviation from baseline visit rate. Nest identity was included as a random intercept and number of days since disappearance as a random slope. We ran this model for each sex separately and for three categories of parents: (a) parents before they disappeared (N female = 229 days, For all parents, we determined (a) whether they were recorded again at any nestbox after the breeding season and (b) whether they bred again in our population in subsequent years. We then tested whether parents that had disappeared differed in the likelihood of being recorded again and returning to breed from individuals of the same sex that either remained after their partner disappeared or that came from nests where both parents stayed until the offspring fledged. We constructed generalized linear models with a binomial error structure and with as response variable either whether or not an individual was observed again in our population (yes/no), or whether it bred again (yes/no) (N = 844 datapoints, 617 individuals). As fixed factors, we included sex and "parent status" (three categories: parents who disappeared during the nestling stage, parents whose partner had disappeared and parents from nests where both stayed). Individual identity and nest identity were included as a random effect. We then performed post hoc comparisons between all three combinations of parental categories using the glht function from the "multcomp" package (Hothorn, Bretz, & Westfall, 2008) .
| RE SULTS
| Brood success and parental disappearance
In 86% (19/22) of the nests that failed, one parent had disappeared from the nest although the other parent kept visiting (Figure 1a ). In the other three failed nests, both parents stopped visiting at the same time (see Discussion for details). In contrast, one of the parents had disappeared before the other parent and before the offspring had reached fledging age in only 13% (20/151) of nests with partial brood loss and in only 11% (27/249) of nests without nestling mortality (Figure 1a) . The difference in the likelihood of parental disappearance between nests that completely failed and those with partial or no nestling mortality was highly significant (Table 1) . However, the likelihood of parental disappearance did not differ between nests with partial brood loss and those without nestling mortality (Table 1 ). For nests with at least one fledgling, the likelihood that a parent had disappeared was associated with higher nestling mortality ( Figure 1b , Table 1 ).
In 71% (47/66) of the cases where one parent disappeared before the nestlings had reached fledging age, the nest was nevertheless successful (at least one fledgling produced). The likelihood of success was higher when the male disappeared (25/29, 86% of nests) than when the female disappeared (22/37, 59% of nests), when the parent disappeared at an older nestling age and when the brood had hatched earlier in the season (Figure 2a , Table 2 ). For successful nests (at least one fledgling produced), the proportion of nestlings that fledged was higher when the parent disappeared at an older nestling age, and for broods that had hatched earlier in the season ( Figure 2b , Table 2 ). There was no difference, however, in the proportion of nestlings that fledged between nests where the male disappeared and nests where the female disappeared ( Figure 2a , Table 2 ).
| Timing of parental disappearance
The time of day at which parents who disappeared from the nest first were last recorded was significantly different from parents who disappeared from the nest second (Kolmogorov-Smirnov test; D = 0.44, p = 0.006, Figure 3 ).
| Parental nest visit rates before disappearance
At nests where either the male or the female disappeared, parental visit rates before disappearance did not differ from the baseline visit rates, that is the visit rates at nests where both parents stayed until the offspring fledged (Figure 4, Table 3 ).
| Changes in nest visit patterns after the disappearance of the partner
At failed nests where a parent had disappeared, the remaining parent kept visiting the nest on average for 8.0 days (±3.7 SD, range: 4-13) if it was a female and for 4.1 days (±4.0 SD, range: 1-13) if it was a male. After their partner had disappeared, the remaining parent markedly increased its nest visit rate (Figure 4a , Table 3 ):
Females and males initially visited the nest on average 61%, respectively, 43% more often than same-sex parents at bi-parental nests.
However, the nest visit rate of the remaining parent slowed down over time: Females visited on average 3% less with every day since TA B L E 1 Results of generalized linear models examining whether variation in nest success can be explained by the disappearance of one parent (while the remaining parent kept visiting the nest at least for some time). We compared nests that suffered complete vs. partial brood mortality, nests that suffered no vs. complete brood mortality and nests that suffered no vs. partial brood mortality. We also tested whether the proportion of offspring that fledged (given at least one fledgling) could be explained by parental disappearance (Figure 4a , Table 3 ). Single males visited significantly less at nests that later failed compared to nests that turned out successful ( Figure 4b , Table 3 ). For single females, there was a significant interaction between nest success and days since partner disappearance, indicating that female visit rates decreased faster at nests that ultimately failed than at nests that turned out successful ( Figure 4a , Table 3 ).
| Fate of parents of different status
Of the individuals whose partner disappeared during the nestling period, 80% (53/66) were recorded again after the breeding season and 39% (26/66) returned to breed in our population in subsequent years ( Figure 5 ). This was not different from individuals of nests where both parents fed their offspring until fledging, of which 75%
(531/712) were recorded again after the breeding season and 38%
(268/712) returned to breed ( Figure 5 , Table 4 ). In contrast, significantly fewer parents that disappeared during the nestling period were ever recorded again in the population: Only one of 66 individuals (1.5%) was observed again after the breeding season and returned to breed in subsequent years ( Figure 5 , Table 4 ). In this case, the disappeared individual was a male who already had low nest visit rates before disappearance. In general, the likelihood of being observed again was higher for males than for females, but this was only significant for the probability to be recorded again after the breeding season, not for the likelihood of returning to breed ( Figure 5 , Table 4 ).
| D ISCUSS I ON
We examined whether nest success (categorized as total brood mortality, partial brood mortality or no brood mortality) was associated with the disappearance of one of the parents during the nestling period. In almost all of the nests that suffered complete brood failure, one of the parents had suddenly disappeared although the second parent continued visiting the nest at least for some time. In contrast,
The likelihood that a nest was successful (at least one fledgling produced) in relation to the sex of the remaining parent and the nestling age at which its partner disappeared (N = 66 nests). (b) The proportion of hatchlings that fledged (given that a nest was successful) in relation to the sex of the remaining parent and the nestling age at which its partner disappeared (N = 47 nests). All nests where a parent had disappeared although the other parent kept feeding nestlings are included (see Materials and methods). Shown are the raw data (bars and points) and model predictions with 95% confidence intervals (lines and shaded area; red: female remained, blue: male remained) TA B L E 2 Results of generalized linear models examining whether the likelihood that a nest was successful and the proportion of hatchlings that fledged (given that a nest was successful) were related to the nestling age at which a parent disappeared, the sex of the disappeared parent (estimate for females relative to males) and the hatching date of the brood. All nests where a parent had disappeared although the other parent kept feeding nestlings are included (see Materials and methods) the disappearance of one of the parents during the nestling stage was relatively rare in nests with partial brood loss (13% of nests) and in nests with no brood loss (11%). In successful nests that produced at least one fledgling, however, the proportion of offspring that died before fledging was higher if a parent had disappeared during the nestling stage.
In only three failed nests, both parents stopped visiting more or less at the same time. In one of these nests, the male visited eight more times over a 7-hr period following disappearance of the female. Moreover, the male stayed inside the nestbox for a long time (21 min) immediately following the disappearance of the female. This is rare for males, but has been observed following a predator attack (P. Santema, personal observation, 16 May, 2015) . A possible explanation for the failure of this nest is therefore that the female was predated and that the male abandoned later on the same day. In another failed nest, we found the dead brood just 2 hr after both parents were last recorded at the nest, indicating that they had abandoned only after the entire brood had died. In the third failed nest, both parents disappeared after the monitoring system at the nestbox had been repaired when the nestlings were 4 days old, suggesting that human disturbance may have caused desertion (the female was never recorded again, but the male remained in the population and returned to breed).
Many studies in avian evolutionary ecology aim to identify factors associated with variation in reproductive success, whereby reproductive success is often treated as a continuous variable, for example measured as the number of offspring that fledge or the proportion of hatchlings that fledge (Mutzel et al., 2013 , Colchester & Harrison, 2016 Pollock et al., 2017) . However, our results show that complete brood failure and partial brood loss are typically caused by different processes. Complete brood loss was almost always associated with the sudden disappearance (presumably death) of a parent, whereas most cases of partial brood loss were caused by other factors. Hence, at least in blue tits, partial brood loss and complete brood failure should be considered as distinct processes that require different functional explanations. Failing to acknowledge the different proximate causes of nestling mortality will limit our understanding of ultimate explanations for variation in reproductive success.
Almost none of the parents that disappeared during the nestling stage were recorded again after the breeding period or returned to breed in subsequent years. These individuals had thus disappeared for good from the moment they were last recorded at the nest. In contrast, the partners of parents who disappeared were equally likely to be observed again and return to breed as parents from nests where both pair members stayed until their offspring fledged. The fact that disappeared parents were never seen again can thus not be explained by any characteristics of the nest. Up until the moment of disappearance, nest visit rates of parents that disappeared, or that of their partners, did not differ from visit rates at nests where both parents stayed until fledging. This suggests that parents that disappeared during the nestling stage were not low-quality individuals or individuals in bad condition. Rather, our results show that parents suddenly vanished and-except in a single case-were never observed again.
The fact that disappearance of a parent was sudden and permanent suggests mortality through predation as the most likely cause.
The constant flying to and from the nest during the nestling period makes parents vulnerable to predation by aerial predators, in particular the sparrowhawk (Accipiter nisus; Gibb, 1960; Perrins, 1979) .
Indeed, the blue tit nestling period coincides with the period of highest food demand in breeding sparrowhawks (Perrins, 1979) and it has been estimated that 3.2% of adult blue tits of a Dutch population were taken by sparrowhawks every year during the month May alone (Perrins, 1979; Tinbergen, 1946 ). An anecdotal observation of a predation event at our study site supports the notion that sparrowhawks specifically target tits approaching the nest (P. Santema, personal observation, 16 May, 2015) . On this occasion, a sparrowhawk attacked the male when it approached the nestbox to feed an 8-day-old brood. The blue tit entered the nestbox just in time to avoid being caught. However, 12 min and 10 provisioning trips (by both parents) later, the sparrowhawk attacked the male again during its approach to the nestbox, this time catching it when it was entering the nestbox. Many studies aim to examine effects of adult predation pressure, but this is usually difficult to measure. If parental disappearance and subsequent brood mortality is indeed a consequence of sparrowhawk predation, the frequency of total brood failure can be used as an indicator for predation pressure.
The disappearance of a parent from the nest has often been interpreted as a decision by the parent to abandon the brood in favour of future reproductive opportunities (Houston, Szekely, & McNamara, 2005; Szekely, Webb, Houston, & McNamara, 1996) . Our results are not consistent with this interpretation because parents who disappeared were-with one exception-never observed again and did not return to breed, in contrast to their partners. The exception was a male who already had very low nest visit rates before it disappeared, but returned to breed the next year. Because blue tits only breed once per year and have a high interannual mortality rate (Perrins, 1979) , the prospects of future reproductive opportunities are low.
Hence, it seems unlikely that the desertion of nestlings would be favoured by selection under most circumstances (Kokko & Jennions, 2008) . The abandonment of a viable brood is probably rare in blue tits and other short-lived species with low within-year re-nesting opportunities. Indeed, there is little evidence in tits that parents abandon broods when the nestlings are still alive, except under artificial conditions such as after parents have been captured on the nest (Cole, Morand-Ferron, Hinks, & Quinn, 2012; Ouyang, Quetting, & Hau, 2012 ; five cases in our study), which results in an extreme disruption of normal provisioning behaviour (Schlicht & Kempenaers,
Daily visit rates at nests where either the male (a) or the female (b) disappeared during the nestling stage. Female (red) and male (blue) daily visit rates are shown as a proportion of the average number of daily visits made by parents of the same sex at nests where both parents were present until the offspring fledged, feeding a brood with the same number of hatchlings of the same age (indicated by the black horizontal line). Boxplots show the median, 1st and 3rd quartile, and range (within 1.5 IQR) of the raw data. Sample sizes are given below the boxplots. The day on which the parent disappeared (day 0) is indicated by a vertical dotted line. Following disappearance, visit rates of the remaining parent are shown separately for nests that were eventually successful (left; bright shades) and for nests that eventually failed (right; dark shades) . Cases of brood failure should thus not be assumed to be a consequence of nest desertion unless it is known that both the nestlings and the parents were alive after disappearance.
It is important to recognize that blue tits are among the most extreme birds in terms of investment in survival versus reproduction, with a typically short life span and low within-year re-nesting opportunities. Thus, the conclusions on the causes of brood failure cannot necessarily be generalized across species. TA B L E 3 Results from linear mixed models examining whether daily number of nest visits differed from baseline levels for males and females before they disappeared themselves or before and after their partner disappeared. After disappearance, we compared visit rates between nests that were ultimately successful (at least one fledgling) and those that ultimately failed (estimate for unsuccessful nests relative to successful nests). Baseline values were calculated for both sexes separately, based on successful nests with the same number and age of nestlings. Daily visit rates were then calculated as a proportion of the baseline (see Materials and methods) 
The proportion of males (blue) and females (red) that were recorded again after the breeding season (a) or that bred again in our population in subsequent years (b) for three categories of parents: those that disappeared during the nestling stage, those that remained after their partner disappeared and those that belonged to nests where both parents stayed until the brood fledged. Shown are the proportions (points) and predicted 95% confidence intervals. Sample sizes are given below the error bars be worthwhile to assess causes of brood failure in other species and populations.
As many parents in our population were caught and tagged when the chicks were already 8-12 days old, early broods are somewhat underrepresented in our data and this may affect the generality of our conclusions (Kidd, Sheldon, Simmonds, & Cole, 2015) . However, since 2015, the majority of individuals were caught before the start of the breeding season such that information was available for the entire chick-rearing period for more than half of the nests included in this study (223 of 422). Furthermore, the available data provide no indication that the underrepresentation of early broods affects our main conclusions. The three cases of nest failure where both parent stopped visiting at the same time occurred at chick ages of 4, 15 and 16 days, providing no indication that this was more common at an early chick age. Also, in the one case where a parent was recorded again after having disappeared, the disappearance happened when chicks were 13 days old. At last, effect size estimates from analyses conducted on a reduced dataset with only nests where both parents were tagged throughout the chick-rearing period were comparable to those obtained from analyses on the whole dataset (Supporting Information Appendix S2). As we only examined nests during the chick-rearing period, however, our conclusions only apply to nests that failed at this stage and not to those that failed before hatching (four to nine nests annually, see Supporting Information Appendix S1). It remains to be investigated whether these are also associated with the sudden and permanent disappearance of a parent.
Both females and males showed a significant increase in nest visit rates following the disappearance of their partner. Females visited the nest on average 61% more often and males 43% more often than females or males at nests containing the same number of nestlings of the same age where both parents were still present. These results are consistent with partial compensation models, which predict that parents should compensate for the disappearance of their partner, but only incompletely (McNamara, Gasson, & Houston, 1999;  McNamara, Houston, Barta, & Osorno, 2003) . Males appeared to compensate to a somewhat lesser extent than females. This is also consistent with previous empirical work showing that males and females differ in the degree to which they compensate after the disappearance of their partner, possibly related to differences in the certainty of parentage or in future reproductive potential (Griggio & Pilastro, 2007; Harrison, Barta, Cuthill, & Szekely, 2009; Iserbyt, Farrell, Eens, & Müller, 2015; Sanz, Kranenbarg, & Tinbergen, 2000) .
Although these results clearly show that individual provisioning rates increased following disappearance of one parent, they do not necessarily imply an improved food supply, because the elevated provisioning rates may have been associated with a reduction in the quantity or quality of food provided (Wright, Both, Cotton, & Bryant, 1998) .
A remaining question is what eventually caused the brood to fail at nests where one parent had disappeared. It seems unlikely that the second parent also died, because the remaining parents were equally likely to be recorded again and to return to breed as parents from "normal" broods. Moreover, the time when the second parent last visited the nest showed a clear clustering in the morning or evening, in contrast to the timing of disappearance of the first parent, which was more or less evenly spread across the day. Hence, it seems more likely that the remaining parent abandoned the brood at some point following disappearance of its partner (last visit in the evening), or that the parent stopped visiting after the brood perished (last visit in the morning). We cannot conclusively differentiate between these scenarios, but male visit rates following disappearance of the female were lower for nests that ultimately failed than for nests that would be successful, suggesting that males differed in their ability or decision to compensate for the loss of their partner.
In contrast, female visit rates following disappearance of their male initially did not differ between nest that ultimately failed and those that would be successful, but in nests that failed females showed a stronger reduction in visit rates over time, suggesting that all females tried to raise the brood, but that some could not keep up the high demand. Another important consideration is that nestlings cannot TA B L E 4 Results from generalized linear models examining the probability of being recorded again after the breeding season and of breeding again in following years in relation to the sex of the disappeared parent (estimate for females relative to males) and parent type (three categories: Disappeared: parents who disappeared, Remained: parents whose partner disappeared, Two parents: parents of nests where both pair members were present until the offspring fledged thermoregulate themselves before their feathers are developed and only females have the ability to brood the nestlings (Perrins, 1979) .
This may explain why the majority of nests where a female disappeared before the nestlings were 10 days old were unsuccessful (and all nests where the female disappeared before the nestlings were 7 days old). It may also partly explain why males are overall less successful as single parents than females.
In conclusion, our study suggests that complete brood loss in blue tits is typically caused by the sudden death of a parent, most likely due to predation, whereas partial brood mortality often has other causes. Our results do not support the hypothesis that blue tit parents strategically decide to abandon their brood. Studies aiming at identifying factors associated with variation in reproductive success should take variation in proximate causes of brood mortality into consideration.
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